During the first hours after experimental oc clusion of the middle cerebral artery (MCA) cerebral glu cose utilization increases in the tissue adjacent to isch emic focus, To test whether the increased glucose utiliza tion was a consequence of increased neuronal activity, the effect of preocclusion pentobarbital administration was investigated, Rats in barbiturate-induced coma Manuscript
Autoradiographic measurements using 14C-Ia beled 2-deoxyglucose have revealed an increased glucose utilization in the border areas surrounding experimental focal ischemia (Ginsberg et aI. , 1977; Welsh et aI., 1980; Choki et aI. , 1983; Sako et aI. , 1985) . In rats, glucose utilization is consistently in creased in a broad border during the first hours after occlusion of the middle cerebral artery (MCA). The enhancement of isotope accumulation is not due to a change of the isotope-correcting factor-"the lumped constant"-because normal or near-normal levels of lumped constant were found in the regions adjacent to the ischemic area (Nedergaard et aI., 1986 (Nedergaard et aI., , 1988 .
In the normal brain, it is a striking finding that local glucose utilization is closely coupled to func tional activity of neurons (Siesjo, 1978) . It has been suggested that the increased flow in globus pallidus and substantia nigra after MCA occlusion reflects showed a metabolic response to MCA occlusion similar to those seen with light halothane anesthesia, This indi cates that the enhanced glucose utilization adjacent to the ischemic core is not a result of increased neuronal ac tivity, Key Words: Middle cerebral artery occlusion Barbiturate -2-Deoxyglucose-Electroencephalog raphy-Autoradiography-Cerebral blood flow, increased local metabolism caused by diminished inhibitory output from the ischemic caudate nu cleus (Tamura et aI., 1981b) .
In an effort to study the pathophysiology behind the increased glucose utilization, we measured local cerebral glucose utilization (lCMRg1u) and blood flow (lCBF) in MCA-occluded rats whose neuronal activity was abolished by barbiturate. Barbiturate-induced depression of neuronal activity was verified by EEG activity that was flat bilater ally. Thus, if the metabolic response of the border region was a result of enhanced synaptic activity, barbiturate-induced inhibition was to be expected. As will be shown, barbiturate did not influence the rate of the glucose utilization in the border regions, whereas it depressed the glucose utilization in the nonischemic contralateral hemisphere.
MATERIALS AND METHODS
The experiments were performed on male Wi star rats weighing 330-370 g (Panum's Avlslaboratorium, Copen hagen, Denmark). Anesthesia was initiated with halo thane (Fluothane) 3%. After tracheostomy and endotra cheal intubation, animals were ventilated by a rodent res pirator with a mixture of 33% O2 and 66% N20 and 1.25% halothane. Catheters were inserted into both femoral ar teries and one femoral vein, and suxamethonium (75 mg/kg body weight) was given. Bitemporal EEG was measured by silver thread. Pentobarbital was given slowly (�150-200 mg/kg, i.v.) until the EEG became flat (isoelectric) in five animals. Supplemental pentobarbital was administered twice an hour. Four control animals re ceived 150 mmol NaCI as vehicle. The animals under went subtemporal craniotomy and exposure of the prox imal portion of the right MCA using microsurgical tech nique (Tamura et aI., 1981a) . The main trunk of the MCA was ligated by a 10-0 suture just proximal to the origin of the most lateral lenticulostriate branches.
lCMRglu and lCBF were measured by a double-label technique (Diemer and Rosenl'lrn, 1983) . Five hundred microcuries of PHJ2-deoxyglucose (2-DG) in 0.5 ml sa line was injected 10 min after MCA occlusion and circu lated for 45 min. Frequent blood samples were taken for determination of plasma concentration integrals (Soko loff et aI., 1977) . After the last sample, the arterial cath eters were connected to a constant-velocity withdrawal pump for mechanical integration of tracer concentration (Gjedde et aI., 1980) . Simultaneously, 50 /-lCi [14Clio doantipyrine (lAP) in 0.5 ml saline was injected i. v. The circulation was arrested after 20 s with KCI-pentobarbital sodium (Nembutal), and the brains were quickly removed and frozen in isopentane cooled to -60°C in acetone and dry ice. Frozen sections (20 /-lm) were cut using a Leitz 1720 cryostat. For every tenth section, two neighboring sec tions were selected for autoradiography. Immediately after cutting, one section was dipped into 2,2-dimethoxy propane (DMP), (2 x 1 min), which extracts all lAP without removing 2-DG (Diemer and Rosenorn, 1983) . DMP-treated sections exposed a 3H-sensitive film, whereas the untreated sections exposed an x-ray, 3H-in sensitive film, and thus showed radioactivity from only 14C. Density of the autoradiograms and 3H and 14C cali brated methylmethacrylate standards were measured with a Leitz TAS Plus computerized image analyzer. A lumped constant of 0.483 was used in both groups. A de tailed analysis of the regional glucose utilization and the lumped constant in the model has been published pre viously (Nedergaard et aI., 1986 (Nedergaard et aI., , 1988 .
The plasma and blood radioactivities were determined in a Beckman 8000 liquid scintillation spectrometer and quench correction was performed using quench stan dards in both channels.
Student's t test was used for statistical analysis.
RESULTS
Except for a lower MABP in the barbiturate group, the physiological variables did not differ sig nificantly between the groups (Table 1) .
Barbiturate administration resulted in � 50% re duction of both ICBF and ICMRg lu in the nonis- chemic hemisphere as compared with control rats (Table 2 ).
In the lateral two-thirds of the striatum ipsilateral to the MCA occlusion, ICBF was reduced to 2-10 ml . 100 g -1 . min -1. This core of dense ischemia was sharply demarcated against its surroundings. ICBF increased by an order of magnitude within a few hundred micrometers. In the cortex adjacent to the ischemic focus, perfusion was reduced to 20-30 ml . 100 g -1 . min -1, The pattern of flow reduction induced by MCA occlusion did not differ between barbiturate and control animals.
The 2-DG autoradiograms showed almost no ac cumulation of 2-DG in the ischemic core (Fig. 1) .
ICMRgl u was not calculated in this area due to the low isotope content and the uncertainty associated with determining the lumped constant in areas of severe ischemia. This region of low 2-DG content was sharply demarcated against a surrounding border of greatly increased 2-DG accumulation. This region was localized in the cortical low-perfu sion zone and the medial part of the striate body ipsilateral to MCA occlusion. The area with in creased 2-DG accumulation was similar in barbitu rate and control animals ( Fig. la and b) . Also, the absolute amount of isotope accumulation in the border areas did not differ between the barbiturate and control groups ( Table 2) . Because the lumped constant remains within near normal levels in the border region, the enhanced 2-DG accumulation re flects an increased glucose utilization (Nedergaard et aI. , 1986 (Nedergaard et aI. , , 1988 .
DISCUSSION
The auto radiographic method for quantitation of glucose utilization using labeled [14C]2-deoxyglu cose or [I8F]deoxyglucose has led to widespread characterization of metabolic responses to a variety Values: mean ± SO. lCMR g 1u, lo cal cerebral glucose utilization ( .... m· 100 g-I . min-I); lCBF, lo cal cerebral blood flow (mI· 100 g-I·min-I) .
a Different from control, p < 0.001 (Student's t test). of stimuli (Sokoloff et aI., 198 1; Wise et aI., 1983 ). An important aspect of lCMRg\u is its correlation with neuronal activity under physiological condi tions. It has, for example, been shown that the me tabolism falls to -40-50% of control values when functional activity is abolished with massive doses of pentobarbital (Siesjo, 1979) . In the present study the 50% reduction of lCMRg\u in the nonischemic hemisphere is consistent with this statement. The coupling of neuronal activity and regional glucose utilization is, however, broken in several patho physiological conditions: in spite of the neuronal loss associated with infarction, lCMRg\u remains within normal levels in some cases of acute stroke (Wise et aI., 1983; Hakim et aI. , 1987) . Another ex ample of dissociation between neuronal activity and lCMRg\u was demonstrated experimentally by Frey and Agranoff (1983) . They measured 2-DG uptake in the rat striatum 7 days after induction of ibotenic acid lesion. Ibotenic acid causes a marked loss of neurons without damaging microvessels, yet 2-DG uptake decreased by only 20% as compared with the contralateral side. Further, rats treated with pentobarbital (40 mg/kg) showed a reversal of the side pattern such that the lesion retained 30% more tracer than the contralateral hemisphere. Thus, barbiturate failed to suppress 2-DG uptake in the lesion. In the above-mentioned studies, the lCMRg\u was measured several days after brain injury. At this time glucose utilization can be ascribed to nonneu ronal activity: remaining glial cells, macrophages, and neutrophils infiltrating the region, the latter of which rely on glycolysis for migration (Cline, 1975) . In agreement with this Wise et ai. (1983) found that the normal ratio of 5.5-6 mol of O2 per mol glucose was reduced to -2 in the recent brain infarcts. This indicates a conversion from aerobic to anaerobic glycolysis in the infarcts.
In our experiment 2-DG was injected a few minutes after MCA occlusion, before changes in the cell population are expected. However, we speculate that the increased glucose utilization could occur within a specific cell compartment or, more specifically, in the glial cell: Recently a corre lation between enhanced 2-DG accumulation and spontaneous transient increases of extracellular po tassium in MCA-occluded rats has been demon strated. Measurements with ion-selective elec trodes show that the normal resting level of extra cellular potassium increases repeatedly to 40-50 mmol/L during the first hours after MCA occlusion in the regions of cortex with high 2-DG accumula tion (Nedergaard and Astrup, 1986) . When the transient increases of potassium are ameliorated (by preischemic hyperglycemia), the 2-DG accumu lation remains within control values. Disruption of ionic homeostasis causes a load on the membrane bound NaiK ATPase and thus an elevation of the metabolic rate (Hansen, 1985) . In vitro studies indi cate that the stimulation of metabolism induced by potassium elevation occurs mainly, if not exclu sively, in the glial cell compartment (Hertz, 1986) . The fact that 2-DG accumulation in the border area to the ischemic focus was not influenced by barbit urate-induced coma indicates at least that nonsyn aptic activity accounts for the increased metabolic rate.
This study showed that barbiturate-induced de pression of neuronal activity did not affect the in creased glucose utilization in the border regions to an ischemic lesion. In fact, isotope accumulation in this region was relatively enhanced in animals re ceiving barbiturate because glucose utilization was depressed in nonischemic tissue. We conclude that metabolic processes other than those associated with neuronal activity account for the increased glucose utilization in the border areas to experi mental stroke. This observation suggests that the ischemic border area with increased glucose utili zation includes that area considered "the ischemic penumbra. " As originally defined by Astrup and co-workers (1981) in baboons with MeA occlusion, the ischemic penumbra is defined as the marginally perfused cortical tissue with abolished electrical ac tivity and normal basal levels of extracellular potas sium.
